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ABSTRACT: Organometallic porphyrins with a metal, metalloid or phosphorus fragment directly 
attached to their carbon framework emerged for the first time in 1976, and these macrocycles have 
been intensively investigated in the past decade. The present review summarises for the first time all 
reported examples as well as applications of these systems. 
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INTRODUCTION 
Porphyrins coordinate the majority of metals within the core to form equatorial metal complexes. Traditionally 
the organometallic bond in porphyrin chemistry is associated with this metal fragment [1] and in a review by 
Brothers a classification system was used for these organometallic chromophores (Fig. 1) [1a]. 
<FIGURE 1> 
Fig. 1. Classification of organometallic porphyrins. 
According to this classification five types of organometallic porphyrins can be discerned, namely complexes 
containing one or two metal-carbon single or multiple bonds (Class A), complexes containing π-ligands (Class B), 
complexes containing bridging µ-M,N ligands (Class C), complexes containing a metal-metal bond, where the 
metal-carbon bond is not associated with the metal coordinated to inner N-protons (Class D) and porphyrins in 
which the metal-carbon bond is associated with a substituent attached to the porphyrin ring (Class E). The present 
review discusses organometallic porphyrins in which the metal is either directly σ- (Class F) or π-bonded (Class G) 
to the carbon framework of the porphyrin macrocycle. In the previous reviews Class G porphyrins were included in 
Class E. However the metal-carbon bond in a Class G porphyrin is associated with the carbon framework of the 
porphyrin, and not with any substituents. Hence we suggest such π-bonded organometallic porphyrins should be 
classified on their own. There are also a very few examples of organometallic porphyrins with metal ions π-bonded 
to fused exocyclic rings, now labelled Class H. The present review is restricted to examples of Classes F, G and H. 
Although the first examples of Class F organometallic porphyrins have been known for almost 30 years, the 
majority of reports discussed here stem from the past decade. For completeness we have also included elements 
such as B, P and Te in this review, but omitted ferrocenylporphyrins, as these compounds are really examples of 
Class E porphyrins and the metal-carbon bond is neither directly associated with the carbon framework of the 
porphyrin nor with fused rings [2]. Core-modified porphyrins with at least one C atom in the core, such as N-
confused porphyrins and carbaporphyrins form various organometallic derivatives with equatorially coordinated 
metal ions. These are also not considered in this review, as they represent a different class of macrocycles altogether 
and should be discussed on their own [3]. Readers concerned with ferrocenyl or core-modified organometallic 
porphyrins should refer to some recent reports in this area. As our emphasis is on structures and uses of the 
porphyrin derivatives, only brief mention is made of catalysts, ligands, bases, solvents and conditions; readers are 
referred to the original works for details. 
CLASS F ORGANOMETALLIC PORPHYRINS 
Mercury 
The first example of a mercury fragment directly σ-bonded to the carbon periphery of porphyrins was reported in 
1980. Smith and co-workers prepared the bis-chloromercurio derivative of Zn(II) deuteroporphyrin IX dimethyl 
ester (7) by treating the parent porphyrin (1) with mercury(II) acetate in acetonitrile and exchanging the anion using 
sodium chloride [4a]. The same authors successfully mercurated (11-18) various other deuteroporphyrin IX 
analogues (2-6) under similar reaction conditions [4b-4f]. By altering the exchanging ion to fluoride, bromide or 
iodide, the corresponding halomercurials (8-10) were also obtained (Scheme 1) [4g]. 
<SCHEME 1> 
Scheme 1. Formation of mercury porphyrins by Smith and co-workers [4]. 
Initially the authors reported the substitution of the chloromercury fragments only in the β- and not the meso-
positions of the porphyrins [4a]. Further investigations by demercurating the products with NaBD4 showed however 
that the macrocycles were also partially mercurated in the meso-positions [4c]. High yields of the bis-mercurial 7 
could only be accomplished with an excess of Hg(II) acetate. Therefore a mixture of the desired product 7 and a 
β,meso-trimercurated product 11 was always obtained. Thus the yields of some derivatives are recorded in Scheme 
1 as “>100%” due to the presence of indeterminate small amounts of tri-mercurated compounds. However the final 
products from reactions of the mercurated derivatives were successfully separated by column chromatography. 
Subsequently the authors utilised the mercurials for Heck-type C-C coupling reactions. The reaction with 
ethylene and LiPdCl3 as catalyst gave the desired di-vinyl porphyrin (19) in only 5% yield [4c]. Methyl acrylate on 
the other hand yielded the corresponding acrylate (20) in up to 84% yield [4c-4e]. All mercurials shown in Scheme 
1 (7-18) were successfully substituted with methyl acrylate under similar reaction conditions. The addition of 
bromine or iodine to the mercurials led to the formation of the dihaloporphyrins in up to 96% yield, which were 
utilised for Stille-type coupling reactions with tri-n-butylethenyl stannane [4f]. Interestingly, porphyrin 11 also 
formed a separable pair of cyclised products (30) when reacted with methyl acrylate (Scheme 2) [4d]. In the next 
stage of their investigations the same authors widened the scope of the Heck-type C-C coupling reaction reactions 
of the mercurials by substituting the macrocycles with a variety of vinyl groups (e.g. 21-29, Scheme 2) [4g]. 
<SCHEME 2> 
Scheme 2. Palladium-catalysed C-C coupling with mercurials by Smith and co-workers [4a,4c,4d,4g]. 
Styrene derivatives formed the di-substituted porphyrins (23-27) in higher yields than those from ethylene or acrylic 
substrates (19-22) under these reaction conditions. The authors also reported that the coupling of bromoporphyrins 
with vinylmercurials gave the desired products in higher yields than the inverse coupling of porphyrinylmercurials 
with vinyl substrates [4g]. The dimercurated deuteroporphyrin IX dimethyl ester was also successfully coupled with 
vinyl carborane [5], while a Spanish group successfully iodinated dimercurated deuteroporphyrin IX dioctyl ester 
[6].  
Buchler and Herget studied the effect of the central metal ion on the mercuration reaction of a synthetic 
tetraarylporphyrin. Ni(II) (31), Pd(II) (32) and Pt(II) (33) complexes of meso-tetra(p-tolyl)porphyrin were 
mercurated with mercuric acetate or mercuric trifluoroacetate (Scheme 3) [7]. 
<SCHEME 3> 
Scheme 3. Mercuration of meso-tetra(p-tolyl)porphyrin [7]. 
The yields of these reactions were highest for the Ni(II) complex (34, 35%), while the Pd(II) (35, 20%) and Pt(II) 
porphyrins (36, 21%) gave similar but lower yields. Di- and tri-mercurated porphyrins with Ni(II) and Pd(II) as the 
central metal ion could not be isolated, as these derivatives degraded during column chromatography. On the other 
hand, small amounts of the di- (37, 13%) and tri-mercurated (38, 12%) Pt(II) porphyrins were stable during 
chromatography and could be successfully characterised.  
As vinylmercurials are accessible more easily than the porphyrin analogues and no studies concerning the effect 
of the Hg(II) fragment on the porphyrin core have been reported, the synthetic use of these macrocycles remained 
very limited for almost two decades. Recently porphyrinylmercurials were resurrected by our group and 
collaborators during studies on the mercuration of Ni(II) (39), Zn(II) (40) and free base 5,15-diarylporphyrins (41) 
and Ni(II) 5,15-dialkylporphyrin (42) and subsequent reactions of these mercurials (Scheme 4) [8].  
<SCHEME 4> 
Scheme 4. Mercuration of 5,15-diaryl- and 5,15-dialkylporphyrins [8]. 
To our surprise, in all reactions the mercuration took place in the more hindered βB-position (43-46), which was 
established by spectroscopic and preliminary single crystal X-ray analysis. A slight metal dependency was also 
observed. While the Ni(II) mercurial (43) was isolated in 33% yield, the Zn(II) (44, 17%) and free base analogues 
(45, 21%) as well as the Ni(II) 5,15-dialkylporphyrin (46, 23%) gave the desired mercurials in lower yields. Ni(II) 
porphyrin 43 was incorporated in three subsequent reactions. Complex 43 was protiodemercurated with 
trifluoroacetic acid (TFA) to yield the unsubstituted porphyrin, although mercurial 43 is stable to treatment with 
acetic acid or water. The reaction with TFA-d resulted in a regioselective ipso-substitution to yield the 
corresponding deuterated porphyrin. Coupling of methyl acrylate with catalytic amounts of Pd(OAc)2 and PPh3 as 
ligand led to the unexpected formation of a rearrangement product 47, substituted in the βA-position, as a major 
product. The expected βB-substituted porphyrin 48 was only observed as a minor product. Exchanging PPh3 with a 
bulky phosphine ligand like di-t-butyl-biphenylphosphine produced solely the rearrangement product 47. The 
omission of phosphine ligands on the other hand yielded only the βB-substituted product 48. The ipso-iodinated 
porphyrin 49 was isolated in quantitative yield after treatment of 39 with iodine (Scheme 5).  
<SCHEME 5> 
Scheme 5. Reactions of 5,15-diarylporphyrin mercurials [8]. 
Palladium and Platinum 
Palladium-catalysed C-C coupling reactions are today one of the most versatile and widely used substitution 
reactions in synthetic chemistry [9]. Since the first examples reported by the Smith group (discussed above), this 
methodology has also been widely utilised for substitution reactions on porphyrinyl macrocycles and this field has 
been reviewed recently [10]. Therefore we will not generally cover palladium-catalysed reactions of haloporphyrins 
except where organometallic derivatives have been isolated. However, new applications involving C-H activation 
are highlighted. Our studies of Class F palladioporphyrins stem from a failed attempt at a catalytic reaction during 
which we serendipitously detected the formation of a η1-palladioporphyrin. Subsequently we isolated the first 
example of such a transition metal porphyrin complex (51) by the stoichiometric oxidative addition of a Pd(II) 
fragment to bromoporphyrin 50 (Scheme 6) [11a]. 
<SCHEME 6> 
Scheme 6. Formation of η1-palladioporphyrin [11a]. 
Since our initial report we successfully prepared various mono- and bis-η1-palladio- and η1-platinioporphyrins 
with different phosphine (51-53, 55-71, 77), arsine (54), amine (72-76) and chiral phosphine ligands (78-83) under 
similar reaction conditions (Fig. 2) [11]. 
<FIGURE 2> 
Fig. 2. η1-Palladio- and η1-platinioporphyrins [11]. 
The η1-metalloporphyrins were isolated in high yields of up to 99% and some structures were studied in detail by 
single crystal X-ray analysis [11b-11d]. All compounds were stable in air and in organic solvents, although in 
chlorinated solvents a slow Br-Cl exchange was observed. Indeed, slow growth over three months of a crystal from 
a CDCl3 solution of 57 unambiguously proved this fact, as a single crystal of the chloro analogue was structurally 
characterised [12]. Recently Dolphin and co-workers reported the formation of a η1-palladioporphyrin zinc(II) 
chloro complex (the chloropalladium analogue of 65) from the corresponding iodoporphyrin [13]. The single crystal 
X-ray structure of the palladioporphyrin was determined. The notable points in this report are the generation of the 
organopalladium porphyrin starting with a Pd(II) rather than Pd(0) source, and the fact that the chloro, rather than 
the iodo, complex was isolated. The authors used the palladium species as catalyst in the Heck alkenylation reaction 
of the iodoporphyrin with ethyl acrylate, and the same results were obtained using either the palladio intermediate 
or the Pd(II) precursor as catalyst [13]. 
While the Pd(II) porphyrins were always obtained as trans-isomers (except with chelating ligands), the cis-
isomers of the platinated macrocycles could often be observed and isolated as the initial products of the oxidative 
additions. Prolonged heating however transformed all examples into the trans-isomers [11c]. The single crystal X-
ray structure of palladioporphyrin 55 (Figure 3, left) displays a slightly distorted square planar coordination about 
the Pd(II) fragment with a slightly ruffled porphyrin core, while one phenyl group of the diphosphine fragment 
shields the face of the porphyrin [11a]. The single crystal X-ray structure for platinioporphyrin 58 proves the 
stability of the initially formed cis-adduct at room temperature. Again one phenyl group of the phosphine ligand 
shields the face of the porphyrin suggesting a recurring motif. The porphyrin ring is distorted in this example, as 
expected for Ni(II) porphyrins. Interestingly macrocycle 58 adopts a hybrid of the ruffled and saddled 
conformations [11b]. This pattern also applies to the single crystal X-ray structures of other Ni (II) (59), Co(II) (64) 
and Zn(II) (65) porphyrins with Pt(PPh3)2Br substituents [11c]. The smaller and more reactive PEt3 ligands led to a 
faster formation of the cis-product and transformation into the trans-isomer could only be accomplished under 
harsher reaction conditions (xylene, 140° C). In this case the smaller phosphine ligand does not shield the face of 
the macrocycles, as shown in the single crystal X-ray structure of 71 [11d]. 
<FIGURE 3> 
Fig. 3. X-ray single crystal structures of η1-palladioporphyrin 55 (left) and η1-platinioporphyrin 58 (right). These figures were 
generated using data originally reported by Arnold and co-workers [11a,b]. 
The Pt-porphyrins were stable during column chromatography while Pd(II) analogues could only be purified by 
recrystallisation [11b]. Insertion of a metal fragment into the porphyrin core could be achieved either before or after 
the oxidative addition of the transition metal fragment [11c]. Cyclic and ac voltametry studies of the η1-
metalloporphyrins gave insight into the effects of the Pd(II) and Pt(II) fragments on the redox properties of these 
macrocycles [11c]. Table 1 summarises the first reduction and oxidation potentials of Pd(II) (51, 52) and Pt(II) 
porphyrins (57, 59, 67) together with the precursors 5,15-diphenylporphyrin (H2DPP), 5,15-
diphenylporphyrinatonickel (II) (NiDPP), 50 and 5-bromo-10,20-diphenylporphyrinatonickel (II) (NiBrDPP). The 
voltametric data clearly confirmed the electron-donating properties of both the Pt(II) and the Pd(II) fragment, 
although the latter did not result in such a large cathodic shift. The effect of a second Pt(II) fragment (67) is additive 
and the fact that both free base and Ni(II) complexes show similar effects is evidence that the oxidation occurs at 
the porphyrin ring and not the Ni(II) centre and that the changes in spectra are due to electronic effects and not due 
to the distortion of the Ni(II) complexes. The first reduction for Pd(II) complexes 51 and 52 is not reversible, and 
loss of the Pd(II) fragment occurs. The electron-donating substitution effect of both Pd(II) and Pt(II) fragments is 
also evident in the remarkable decrease in reactivity towards a second oxidative addition. Both η1-bis-platinio- and 
η1-bis-palladioporphyrins were only formed after longer reaction times (e.g. four hours for Pt, forty minutes for Pd) 
as the metal fragments clearly decrease the polarity of the opposite C-Br bond [11c].  
 
Table 1. Electrochemical data for η1-metalloporphyrins and some precursors in CH2Cl2-Bu4NPF6 vs. Ag/Ag+ using ferrocene as 
internal standard [E0(ox) = +0.55 V] at 293K [11c]. 
<TABLE 1> 
In order to enforce a cis arrangement of the platinum fragment, our group pursued the formation of η1-
platinioporphyrins with chelating phosphine ligands. Unfortunately the desired organometallic porphyrins failed to 
form by the oxidative addition of a haloporphyrin to zerovalent platinum species prepared in situ, as the 
bis(chelating diphosphine)platinum fragments seem to be too stable to undergo such a reaction. The same strategy 
utilising chelating amine ligands was successful and the desired η1-platinioporphyrins (75, 76) were cleanly 
prepared in high yields. In this case the zerovalent platinio fragment could be prepared in situ, which was a distinct 
advantage over the previous method, as air- and moisture-sensitive Pt(0) fragments could be avoided (Scheme 7). 
Under similar conditions η1-palladioporphyrins with chelating amine ligands (72-74) were also isolated, which were 
more stable than their analogues with chelating phosphine ligands, as they could be purified by column 
chromatography [11e]. 
<SCHEME 7> 
Scheme 7. Formation of η1-platinioporphyrin with chelating amine ligand [11e]. 
The Arnold group has also prepared a suite of η1-palladioporphyrins with chiral diphosphine ligands (78-83). 
Again the oxidative addition of a haloporphyrin to the Pd(0) species prepared in situ could be utilised and the 
products formed in very high yields of up to 99%. Enantiomeric pairs of three types of chiral diphosphines were 
employed, out of which the Tol-BINAP [2,2’-bis(di-p-tolylphosphino)-1,1’-binaphthyl] analogues (80, 81) were the 
most stable in solution and could be recrystallised from chlorinated solvents. The same analogues induced the 
strongest effect on the CD spectra (Figure 4) and therefore offer the most promise for further applications such as 
chiral recognition and enantioselective catalysis [11f]. 
<FIGURE 4> 
Fig. 4. CD spectrum of 80 (upper, solid line), 81 (upper, dashed line) and visible absorption spectrum (lower) in CH2Cl2. 
Reproduced with permission from J. Organomet. Chem. 2006; 691: 2162-2170. Copyright 2006 Elsevier. 
We also studied subsequent reactions of these organometallic macrocycles. Treatment of η1-platinioporphyrins 
with RLi led either to alkyl substitution on a vacant meso-position, if present [14], or to alkylation at Pt and 
reductive elimination of the Pt fragment, if no vacant meso-position was present [11d]. Alkynylation of the Pt(II) 
fragment was cleanly achieved with CuI/Pd(PPh3)2Cl2 as catalyst to give a phenylacetylene substituted Pt(II) 
porphyrin or even a porphyrin dimer with an alkyne-Pt spacer (86, characterised by single crystal X-ray analysis) in 
38% yield (Scheme 8) [11d]. 
<SCHEME 8> 
Scheme 8. Formation of alkynyl-Pt(II) linked porphyrin dimer [11d]. 
Bromide abstraction from the Pt(II) fragment to give a nitrato platinum analogue was achieved by reacting the 
Pt(II) porphyrin (87) with silver nitrate. The reaction with silver triflate yielded a triflatoplatinum porphyrin (88) 
which was subsequently reacted with pyridine to form a cationic pyridyl complex in 97% yield. Porphyrin 88 was 
also reacted with bipyridine to yield a dicationic bis-porphyrin in 93% yield. Similar reactions were carried out with 
a monopyridyl porphyrin to obtain a cationic bis-porphyrin in 88% yield, with a di-pyridyl porphyrin to obtain a 
dicationic tri-porphyrin in 89% yield and with a tetrapyridyl porphyrin 89, which resulted in a tetracationic 
porphyrin pentamer 90 in 78% yield (Scheme 9) [15]. 
<SCHEME 9> 
Scheme 9. Self-assembly of porphyrin pentamer [15]. 
Bromination of 5,15-diarylporphyrins, although very rapid, is not selective and the resulting monobromo- and di-
bromoporphyrins are often not separable without extensive chromatography. On the other hand, the 
monopalladation of dibromoporphyrins has been achieved selectively, due to the much slower oxidative addition of 
the second Pd(0) fragment. In collaboration with the Sugiura group, we monobrominated various diarylporphyrins 
(91-94) via the respective monopalladioporphyrins (95-98) and subsequent hydrodepalladation with NaOH in 
MeOH. The reaction was performed either with the isolated η1-palladioporphyrins 95-98 or in a one-pot reaction 
with the respective dibromoporphyirins 91-94 and the desired monobromoporphyrins 99-102 were isolated in good 
yields of 57-71% (Scheme 10) [16]. 
<SCHEME 10> 
Scheme 10. Selective monobromination of 5,15-diarylporphyrins [16]. 
We also reported the regiospecific halogen exchange reaction to obtain meso-iodoporphyrins 84, 112 and 113 
with η1-palladioporphyrins 51, 108 and 109 as intermediates. Again it was not necessary to isolate the transition 
metal complexes and the products 84, 111 and 113 were prepared in high yields of up to 81%. Similarly meso-iodo-
bromoporphyrins 114 and 115 were isolated from dibromoporphyrins 106 and 107 via the respective η1-
palladioporphyrins 110 and 111 (Scheme 11) [17]. The formation of the iodoporphyrins was unambiguously 
confirmed by single crystal X-ray analysis and the same methodology was applied to prepare meso-(2-
iodovinyl)porphyrins from meso-(2-bromovinyl)porphyrins [17]. The regioselective meso-mono- and bis-
halogenation of 5,15-substituted porphyrins can now be easily achieved using the methods described above. η1-
Palladioporphyrins were also utilised as starting materials to isolate porphyrinylphosphine oxides, which will be 
discussed below. 
<SCHEME 11> 
Scheme 11. Selective meso-iodination of 5,15-diarylporphyrins [17]. 
Osuka and co-workers recently reported an elegant application of their β-borylated porphyrins (see below), 
leading to isolation and complete characterisation of Class F meso-metallated porphyrin NCN pincer complexes of 
Pd(II), which exhibited interesting catalytic behaviour in the Heck alkenylation reaction [18]. Treatment of 2-
pyridyl substituted porphyrins 116-118 with K2PdCl4 gave the corresponding meso-palladio complexes 119-121 in 
high yields (Scheme 12). Remarkably, the C-Pd bond was stable enough to allow demetallation of the Ni(II) 
complex using sulfuric acid in refluxing trifluoroacetic acid to give the free base 122. The single crystal X-ray 
structures of the nickel(II) complex, the copper(II) complex and the corresponding free base were determined. All 
three species adopt a severely saddled porphyrin conformation to accommodate the almost ideal square-planar 
geometry about the Pd atom.. The catalytic efficiency in the coupling of iodobenzene with butyl acrylate depended 
on the presence and nature of the central metal ion, in the order Zn>Ni>Cu>free base [18]. 
<SCHEME 12> 
Scheme 12. Formation of palladium pincer complexes [18]. 
In a similar vein, Matano et al. used their novel meso-diphenylphosphanylporphyrins (123, 124) (see below) to 
prepare meso, β-cyclometallated Pd and Pt complexes (Scheme 13) [19]. Two types of complex were isolated in 
good yields, namely diporphyrins linked through the transition metal ion (125-127) and a dipalladium species 
bridged by acetato ligands. The authors conducted UV/vis, theoretical and electrochemical studies on these 
interesting complexes. The data and calculations suggested interporphyrin interaction via the metal d-π orbitals, 
especially for the Pt complex 127 [19]. 
<SCHEME 13> 
Scheme 13. Novel cyclopallated and –platinated porphyrins from meso-phosphanylporphyrins [19]. 
A new type of peripheral palladation reaction has emerged in the porphyrin literature recently. Various groups 
have reported C-H activation reactions involving proposed β-palladated porphyrin intermediates. The first such 
reaction is an intramolecular cyclisation reaction of ortho-iodinated meso-phenyl porphyrins 128-131 (Scheme 14) 
[20]. Both mono- (132-135, up to 44%) and double-cyclised products (137, 138, up to 36%) were prepared in 
acceptable yields, however the isomers 137 and 138 could not be separated. The same reactions with ortho-
bromophenylporphyrins were not successful. 
<SCHEME 14> 
Scheme 14. Intramolecular Pd(0) catalysed cyclisation [20]. 
The same type of cyclised compounds were obtained by coupling in the opposite sense, namely an unsubstituted 
meso-phenyl ring (providing the C-H activation site) and a neighbouring β-bromo substituent (providing the initial 
oxidative addition site) (Scheme 15) [21]. Using this chemistry, zinc(II) 2-bromotetraphenylporphyrin (139) was 
converted to the cyclised product (140) in high yield. The reaction was extended to various other arylporphyrins and 
the Ni(II) and Cu(II) complexes and free bases, with varying yields. The debrominated tetraarylporphyrins were 
often formed as side products. When the reaction was attempted on the 2,3,12,13-tetrabromoTPP zinc complex, the 
expected tetracyclised product was not obtained. Instead the opposite (141) and adjacent (142) dicyclised isomers 
were formed in equal amounts [21]. 
<SCHEME 15> 
Scheme 15. Intramolecular Pd(0) catalysed cyclisation using β-bromotetraarylporphyrins [21]. 
In a similar case a naphthalene-triflate substituted porphyrin (143) has been reported to cyclise. In an attempt to 
synthesise a cofacial ferrocene-porphyrin dyad using a double Suzuki-Miyaura reaction, the desired target 
compound was not formed. The only product of this reaction was an intramolecular cyclised product (144) with a 
yield of 14%, and interestingly in the absence of the bis(boronate) the cyclised porphyrin was observed only in trace 
amounts (Scheme 16) [22]. 
<SCHEME 16> 
Scheme 16. Formation of doubly linked naphthyl-porphyrins [22]. 
Our group reported recently the Heck-type coupling reaction of Ni(II) meso-vinylporphyrin (147) with various 
meso-bromoporphyrins (104, 145, 146). In all cases the only isolated products are meso-β linked porphyrin dimers 
(148-150). According to the proposed mechanism for this reaction, a β-substituted palladioporphyrin must be 
formed as an intermediate, presumably also by C-H activation (Scheme 17) [23]. Similar migration products were 
also obtained from the reactions of meso-vinyl porphyrin 147 with iodobenzene and 9-bromoanthracene. However 
in these cases the normal non-rearranged products were also isolated. Another example of migration to a 
neighbouring β carbon in a palladium catalysed process was mentioned above in the discussion of the Heck 
coupling of our mercurioporphyrins [8]. 
<SCHEME 17> 
Scheme 17. Formation of meso-β linked porphyrin dimers [23]. 
Osuka and co-workers reported the formation of various cyclopentadiene-fused porphyrins (153-162) in the 
palladium-catalysed reactions of the respective bromoporphyrins (39, 40, 151, 152) with symmetrical alkynes 
(Scheme 18) [24]. The products (153-162) formed in high yields of 69-87% and two examples were characterised 
by single crystal X-ray analysis. Again the proposed reaction mechanism indicates intramolecular Pd attack on a β 
C-H bond with a β-substituted palladioporphyrin as an intermediate. These last examples show that η1-
palladioporphyrins can be formed by C-H activation as well as via C-X oxidative addition. Although these 
porphyrins were only proposed as possible intermediates, the scope for applications of η1-transition metal 
porphyrins has been considerably widened and this field is attractive for further development. 
<SCHEME 18> 
Scheme 18. Pd(0) catalysed annulation of porphyrins [24]. 
Another slightly different annulation sequence using cyclopalladation chemistry is the formation of an isocyclic 
ketone on a synthetic chlorin substrate [25]. In this case the product (164) was formed in 85% yield from a meso-
bromo, β-acetyl chlorin (163) using Pd(PPh3)2Cl2 as catalyst precursor (Scheme 19). 
<SCHEME 19> 
Scheme 19. Pd catalysed annulation of synthetic chlorin [25]. 
Boron 
Organoboron compounds have been widely utilised in Suzuki-Miyaura C-C coupling reactions [26]. As such, 
porphyrinylboronates are of immense value for substitutions on the porphyrin carbon skeleton. Therien and co-
workers first prepared mono- (165) and bis-porphyrinylboronates (166) of Zn(II) 5,15-diphenylporphyrin from the 
Pd(0) catalysed reaction of the respective bromoporphyrins with pinacolborane in excellent yields of 79% and 86%, 
respectively, and characterised both macrocycles by X-ray crystallography [27a]. The same authors also reported 
the formation of a similar boronate with alkoxyphenyl substituents on the porphyrin (173, 174) under similar 
reaction conditions [27b], while the Osuka group isolated boronates with bis-dioctyloxyphenyl (175) [28a], bis-
dioctyloxyphenylpyridyl (176) [28b] and bis-dodecyloxyphenyl (177) [28c] substituents on the remaining meso-
positions of the macrocycle. Again under similar reaction conditions, Lindsey and co-workers prepared 
porphyrinylboronates with mesityl groups on the porphyrin (167, 168) [29], while a Swiss group isolated 
porphyrinylboronates with long chain ester functionality on the phenyl rings of the porphyrin (178) [30]. Other 
porphyrinylboronates reported thus far include [10,15,20-tris(mesityl)porphyrin-5-yl]boronate (169) [31b], the free 
base [10,20-bis(di-t-butylphenyl)porphyrin-5-yl]boronate (170) [32], a triarylporphyrinylboronate with 
carboxyalkoxy functionality on the phenyl rings (179, 180) [33], a diarylporphyrinylboronate with a cyanophenyl 
group on the remaining meso position (171) [34], (10,15,20-tritolylporphyrin-5-yl)boronate (172) [35a] and [10,20-
bis(4-decyloxyphenyl)porphyrin-5-yl]boronate (181) [35b] (Scheme 20). 
<SCHEME 20> 
Scheme 20. Formation of porphyrinyl boronates [27-35] (the point of attachment of the aryl groups to the meso carbon is from 
the lowermost ring carbon). 
All porphyrinylboronates described above were utilised as synthons for Suzuki-Miyaura C-C coupling reactions 
to attach a variety of functional groups to the carbon framework of porphyrins. These include an alanine derivative 
(79%) [27a], naphthalene derivatives (48-92%) [27a,36], thiophene derivatives (29-93%) [27b], 
hydroxybenzaldehyde (60%) [29a], benzene derivatives (24-63%) [30,37], dibenzofurancarboxylic acid (67%) 
[31a], xanthene derivatives (46-74%) [31a,38], pyrenes with and without alkoxy substituents [39] and carbon 
nanotubes [40]. The variety of these functional groups emphasises the almost unlimited possibility to substitute 
porphyrinyl macrocycles with carbon groups by this methodology. 
Multiporphyrin coupling reactions were also reported in which porphyrinylboronates were the key synthons. 
Therien and co-workers successfully isolated a carbazole linked porphyrin dimer (182) in a good yield of 76% 
(Scheme 21) [27a]. 
<SCHEME 21> 
Scheme 21. Carbazole linked porphyrin dimer [27a]. 
The Lindsey group reported the formation of an unusual diporphyrin system with a 
bis(phenyldipyrromethane)palladium linker (183, Scheme 22) [29b]. The porphyrin dimer (183) was isolated in 
50% yield. Subsequently the Pd(II) fragment was removed from the linker by treatment with DTT (threo-1,4-
dimercapto-2,3-butanediol) and Zn(II) inserted into the linker to give a trinuclear Zn(II) porphyrin dimer (184). 
<SCHEME 22> 
Scheme 22. Bis(phenyldipyrromethane) linked porphyrin dimers [29b]. 
Cofacial bis(trimesitylporphyrins) (185, 186) and corresponding monomeric models were synthesised from the 
reaction of a porphyrinylboronate 169 with dibromoxanthene and dibromodibenzofuran (Scheme 23) [31]. The 
proximity of the two macrocycles in the bisporphyrins was controlled by varying the spacer groups and the differing 
steric demands of the two systems explain the very different yields. Zn(II) fragments were removed in 6N HCl and 
MnCl was subsequently inserted into the macrocycles. 
<SCHEME 23> 
Scheme 23. Cofacial porphyrin dimers [31b]. 
A water-soluble porphyrin dimer with phenyl spacers and long chain acid salts on the phenyl groups (187) was 
prepared by a Japanese group (Scheme 24) [33]. The authors isolated a similar diporphyrin (50%) with a vacant 
meso-position on each of the macrocycles under similar reaction conditions [33]. 
<SCHEME 24> 
Scheme 24. Phenyl linked porphyrin dimer [33]. 
The formation of two photoresponsive porphyrin dimers joined by ferrocene linkers was recently reported by 
Aida and co-workers. In the first example the ferrocene had an aminodiphenylethynyl unit attached on each 
cyclopentadienyl ring (188, 22%) (Scheme 25) [35a]. UV light caused the molecule 188 to rotate internally and the 
dyad became locked as each aniline unit coordinated to the central Zn(II) metal of one porphyrin. Addition of 
dipyridylethylene to the dimer formed an externally locked diporphyrin [35a]. 
<SCHEME 25> 
Scheme 25. Aniline-ferrocene linked porphyrin dimer [35a]. 
In the second example the ferrocene spacer had an azobenzene unit attached to the side remote from the 
porphyrin (189, 20%) (Scheme 26) [35b]. In this example the two porphyrins were strapped together by 
bis(isoquinoline) coordinating to the central zinc ions. UV irradiation caused the molecule to rotate around the 
ferrocene group in a pedal like motion, while visible light reversed this rotation. The azobenzene unit was in the 
trans- or cis-configuration, respectively. 
<SCHEME 26> 
Scheme 26. Azobenzene-ferrocene linked porphyrin dimer [35b]. 
The Osuka group reported the formation of various meso-meso directly (192, 193) and phenyl linked porphyrin 
arrays (194). The coupling of boronate 175 to bromoporphyrins 190 and 191 resulted in porphyrin dimers 192 and 
193. A porphyrinyl heptamer and octamer were also isolated by repeating the reaction with a bromo-terminated 
hexamer [28a]. Similarly the coupling with diiodobenzene yielded phenylene bridged porphyrin dimer (194), 
tetramer, hexamer and octamer (Scheme 27) [28c]. The Ag+ promoted meso-meso coupling of Zn(II) porphyrins 
enabled the formation of porphyrin wheels with 12 [41a] and 24 porphyrin subunits [41b], respectively, by 
combining the directly (192, 193) and phenylene linked (194) porphyrin oligomers and these arrays exhibited very 
interesting light-harvesting properties. 
<SCHEME 27> 
Scheme 27. Directly linked and phenylene bridged porphyrin dimers [28a,c]. 
Porphyrin oligomers with up to four porphyrin units have been prepared under similar conditions by the 
Fukuzumi group. In this case one macrocycle also had ester functionality on one aryl ring (196, Scheme 28) [32,42]. 
The macrocycles were subsequently attached to indium tin oxide electrodes and used for photocurrent generation. 
<SCHEME 28> 
Scheme 28. Directly linked porphyrin dimers with ester functionality [32,42]. 
The palladium-catalysed coupling of dibromoporphyrin 197 with boronate 171 resulted in the formation of a 
directly meso-meso linked trimer with two cyanophenyl groups (198). The authors subsequently oxidized it to a 
triply-linked trimer and studied its interaction with carbon nanotubes. (Scheme 29) [34]. 
<SCHEME 29> 
Scheme 29. Directly linked porphyrin trimer with cyanide functionality [34]. 
Locos prepared three triphenylporphyrinyl boronates (199-201) and coupled them with 2-iodoethenylporphyrins 
(202-205) [17] to form the E-ethenyl linked diporphyrins (206-214) in all combinations of free base/Ni/Zn using 
bis(diphenylphosphinopropane)palladium(0) as catalyst (Scheme 30) [43]. For both the free base and Zn(II) 
boronates, significant amounts of the corresponding directly linked dimers (215, 216) were also obtained from a 
competing homocoupling reaction. This study included comparisons of electronic spectra, fluorescence spectra, and 
quantum mechanical calculations of the electronic spectra of the diporphyrins using Time-Dependent Density 
Functional Theory [43]. 
<SCHEME 30> 
Scheme 30. Formation of E-ethenyl linked diporphyrins [43]. 
β-Boronated porphyrins have also been prepared in recent years. The first example (218) was obtained from the 
palladium-catalysed boronation of bromoporphyrin 217 and subsequently utilised in various Suzuki-type C-C bond 
forming reactions to isolate phenyl-substituted porphyrins (characterised by single crystal X-ray analysis) and a β-β 
linked porphyrin dimer 219 in a good yield of 62% (Scheme 31) [44]. 
<SCHEME 31> 
Scheme 31. Formation of β-β linked porphyrin dimer [44]. 
A similar reaction of β-boronated tetraarylporphyrins 222 and 223 with β-brominated tetraarylporphyrins 220 
and 221 yielded chiral β-β linked porphyrin dimers (224, 225) in good yields of 54-59%. The axial chirality of the 
dimers stemmed from the hindered rotation around the β-β bond and was assigned by CD measurements (Scheme 
32) [45]. 
<SCHEME 32> 
Scheme 32. Formation of chiral β-β linked porphyrin dimers [45]. 
Osuka and co-workers pioneered the regioselective iridium-catalysed boronation of various unsubstituted 
diarylporphyrins (39, 41, 151). In all cases the β position adjacent to the meso-carbon was selectively boronated 
(226-228) in yields up to 47% and surprisingly no meso boronation was observed (Scheme 33) [46]. A diboronated 
triarylporphyrin (80%) and a tetraboronated diarylporphyrin (73%) were prepared under similar reaction conditions 
and the substitution again took place only in the β position adjacent to the vacant meso-carbon [46]. The latter 
compound was unambiguously characterised by single crystal X-ray analysis. The authors also demonstrated the 
usefulness of the porphyrinylboronates as building blocks for multiporphyrin arrays. While the monoboronated 
porphyrin formed in a palladium-catalysed homocoupling reaction a β-β linked porphyrin dimer (65%), the reaction 
of the same compound with meso-bromoporphyrin resulted in the formation of a meso-β linked porphyrin dimer 
(80%) [46]. This selective βA substitution complements the βB substitutions obtained in the mercuration reactions 
described above [8]. The use of these β-boronated porphyrins for formation of meso-palladioporphyrins was 
described above [18]. 
<SCHEME 33> 
Scheme 33. β-Boronated diarylporphyrins [46]. 
Porphyrins with directly attached boronic acid substituents have also been reported recently. The β-boronic acid 
(231) was prepared from the deprotection of a β-substituted boronate (230) with NaIO4 in acidic solution followed 
by metalation. A new meso-porphyrinylboronate (233) had to be employed for the formation of the meso-boronic 
acid (234), as the already discussed boronate 165 could not be deprotected. Therefore the 
neopentylglycolatoborane-substituted porphyrin (233) was isolated first and subsequently deprotected with N-
methyldiethanolamine under mild conditions followed by metalation to yield the desired boronic acid 234. The 
macrocycles (231, 234) were subsequently tested as sensors for sugars and carbohydrates (Scheme 34) [47]. 
<SCHEME 34> 
Scheme 34. Boronic acid substituted porphyrins [47]. 
Phosphorus 
The first report of a porphyrin with phosphorus directly attached to the meso carbon of a porphyrin was by the 
Smith group in 1977. The authors generated a Zn(II) octaethylporphyrin (235) cation radical by treatment with 
tris(p-bromophenyl)ammoniumyl hexachloroantimonate and reacted the radical species with triphenylphosphine to 
obtain a meso-octaethylporphyrinylphosphonium salt (236, Scheme 35) [48]. 
<SCHEME 35> 
Scheme 35. meso-Porphyrinylphosphonium salt [48]. 
Porphyrinyl β-phosphonium (and arsonium) salts generated from Zn(II) tetraphenylporphyrin (237) radical 
cation were first reported by Shine et al. [49]. The same phosphonium salt (238) was reported in 1991 by Giraudeau 
and El Kahef, who prepared it from electrochemically generated cation radical. (Scheme 36) [50]. 
<SCHEME 36> 
Scheme 36. β-Porphyrinylphosphonium salt [49,50]. 
Similarly a chemically formed Fe(III)tetraphenylporphyrin cation radical treated with PPh3 formed the 
corresponding β-phosphonium salt. This compound was unambiguously characterised by single X-ray 
crystallography and studied in detail by NMR analysis [51]. 
The Giraudeau group isolated a variety of di- (239-245, 247, 248) and triporphyrins (246) linked by 
phosphonium bridges [52]. Electrochemically-generated porphyrin cation radicals were reacted with the respective 
di- and triphosphines to yield porphyrin oligomers 239-248, including a mixed phosphonium-arsonium linked dimer 
244. The electron-withdrawing effect of the phosphonium cations in the oligomers resulted in a red shift of the 
absorption spectra in comparison to the monomeric units. The Soret bands of the dimers were also considerably 
broadened, suggesting exciton coupling between the macrocycles. Electrochemical studies on the benzene-
diphosphonium bridged dimer 247 revealed that the chromophores were reduced before the phosphonium spacer 
and the red shift in the UV-visible spectrum was ~50 nm in comparison to the monomer. Therefore the authors 
concluded that the positive charge of the P atoms is delocalised over both macrocycles and propose a bis-chlorin-
like structure (248) for this dimer (Scheme 37) [52c]. 
<SCHEME 37> 
Scheme 37. β-β Linked porphyrinyl phosphonium salt dimers and trimers [52]. 
Our group prepared the first porphyrins with a pentavalent phosphorus fragment directly attached to the carbon 
framework. The palladium-catalysed reaction of bromoporphyrin 249 with Ph2PSiMe3 yielded a 
porphyrinylphosphine oxide (250) in 2% yield, while the same reaction with iodoporphyrin 113 led to the formation 
of phosphine oxide 250 in 20% yield (Scheme 38) [17]. 
<SCHEME 38> 
Scheme 38. Formation of diarylporphyrinylphosphine oxide [17]. 
In order to optimise the reaction condition we utilised η1-palladioporphyrin 55 discussed above. The transition 
metal porphyrin (55), which is the intermediate of the proposed palladium-catalysed cycle, was treated with a 
variety of Ph2P sources under different conditions (Scheme 39) [53]. 
<SCHEME 39> 
Scheme 39. Reactions of η1-palladioporphyrin with various phosphines and diphenylphosphine oxide [53]. 
After determining the optimum reaction conditions, we successfully repeated the reaction under catalytic 
conditions. Various bromoporphyrins (50, 91, 252-255) were reacted with Ph2P(O)H, Cs2CO3 as base and a 
Pd(dppe)2 catalyst. The resulting phosphine oxides (251, 256-260) were isolated in good to excellent yields and 
Zn(II) porphyrin 260 was also prepared in almost quantitative yield by standard Zn(II) insertion into the free base 
analogue 251 (Scheme 40) [53]. 
<SCHEME 40> 
Scheme 40. Palladium-catalysed formation of mono- and bis-porphyrinylphosphine oxides [53]. 
The X-ray structure for 258 (Figure 5, left) shows a typical Ni(II) porphyrin ruffled conformation, and both 
diphenylphosphine oxide groups project on the same side of the macrocycle in a cis-like geometry. In the case of 
the Zn(II)-centred compounds 259 and 260 a phosphine oxide group from one macrocycle coordinated to the Zn(II) 
centre of a neighbouring porphyrin, forming a chain-like polymer, which was confirmed by single crystal X-ray 
analysis of 260 (Figure 5, right). In this case the two phosphine oxide groups protrude on opposite sides of the 
macrocycles in the trans-like arrangement and the P-O-Zn unit is almost linear (178º). The electron-withdrawing 
properties of the phosphine oxide substituent(s) were quantified by cyclic and square wave voltametry [53]. 
<FIGURE 5> 
Fig. 5. X-ray single crystal structure of Ni(II) porphyrinylphosphine oxide 258 (left) and Zn(II) porphyrinylphosphine oxide 
polymer 260 (right). Reproduced with permission from Inorg. Chem. 2006; 45: 6479-6489. Copyright 2006 American Chemical 
Society. 
Matano et al. prepared independently similar porphyrinylphosphine oxides (264, 266, 268) and porphyrinyl 
phosphonates (262, 263). In their methodology Cu(I) iodide was utilised as catalyst and Zn(II) iodoporphyrin (261) 
as starting material, because free base porphyrins would form the Cu(II) porphyrins. In order to obtain the free base 
analogues (263, 266, 267), the Zn(II) porphyrins (262, 264, 265) were demetalated under standard acidic conditions 
(Scheme 41) [54]. Single crystal X-ray analysis revealed that phosphine oxide 264 existed in this case also as a 
linear chain-like polymer while phosphonate 262 has a cofacial, partially overlapping, dimeric structure in the solid 
state. The authors proposed that 264 exists as a dyad in solution. The self-association constant for complex 264 of 
5.9 × 106 M-1 is significantly smaller than values reported for similar porphyrin coordination dimers, for example 
Zn(II) imidazolylporphyrins [54]. 
<SCHEME 41> 
Scheme 41. CuI catalysed formation of porphyrinylphosphine oxides, phosphonates and phosphonic esters [54]. 
Recently we reported the coordination properties of porphyrinylphosphine oxides towards Mg(II) porphyrins. We 
prepared and characterised di- (270, 271) and triporphyrin (272, 273) complexes consisting of Mg(II) 
diphenylporphyrin 269 coordinated to Ni(II) and free base porphyrinyl mono- (251, 257) and bis- (256, 258) 
phosphine oxides (Scheme 42) [55]. All complexes were isolated in excellent yields (>92%) and were remarkably 
robust. The phosphine oxides also stabilised the coordination of the Mg(II) in the porphyrin and the complexes did 
not decompose in organic solvents. The solubility of the Mg(II) macrocycles (270-273) was also significantly 
increased in comparison to precursor 269. 
<SCHEME 42> 
Scheme 42. Coordination arrays of Mg(II) diphenylporphyrin with porphyrinylphosphine oxides. [J. Chem. Soc., Dalton Trans. 
2007: 2163-2170; doi: 10.1039/b703589f]. Reproduced by permission of The Royal Society of Chemistry (RSC). 
We also isolated the Mg(II) porphyrinyl phosphine oxide 274 by insertion of Mg(II) into the free base analogue 
251 (Scheme 43) [55]. The UV-visible and fluorescence spectra suggested that the porphyrin exists in a dimeric 
form (274) in solution. The self-association constant of the dimer was found to be 5.5 × 108 M-1, the largest binding 
constant reported for Mg(II) porphyrins. Thus this complex is the first strong binding synthetic porphyrin analogue 
of the “special pair” of the photosynthetic reaction centre. 
<SCHEME 43> 
Scheme 43. Mg(II) porphyrinylphosphine oxide. [J. Chem. Soc., Dalton Trans. 2007: 2163-2170; doi: 10.1039/b703589f]. 
Reproduced by permission of The Royal Society of Chemistry (RSC). 
In an important achievement, Matano et al. recently reported their success in preparing the first examples of 
meso-diphenylphosphanylporphyrins (123, 124) from the corresponding iodoporphyrins (261, 275) using palladium 
catalysis (Scheme 44) [19]. These very air-sensitive species were converted in situ into the corresponding sulfides, 
then the sulfur was removed by treatment with tris(dimethylamino)phosphine, allowing the isolation of the required 
tertiary phosphanes in high yields. The formation of Pd and Pt cyclometallated complexes from these new ligands 
was described above [19].  
<SCHEME 44> 
Scheme 44. Preparation of diphenylphosphanoporphyrins [19]. 
Other metals and metalloids: Te, Mg, Zn, Ni 
Porphyrins of Class F with four other elements have been proposed as intermediates. Sugiura et al. prepared a 
doubly linked porphyrin dimer 277 (named as [2]-porphyracene) and two derived meso-tellurated species via a 
meso-trichlorotellurium porphyrin intermediate 276 (Scheme 45) [56]. 
<SCHEME 45> 
Scheme 45. Formation of doubly-fused porphyrin dimer via Te-porphyrin intermediate [56]. 
The nickel-catalysed etheration, amination and C-substitution reactions on the meso-positions of Ni(II) 
porphyrins was reported. The authors proposed a catalytic cycle during which a σ-nickelioporphyrin is formed. 
Zn(II) and Cu(II) porphyrins formed the products in lower yields while free base porphyrins did not undergo the 
same reaction [57]. The Therien group reported in two patents the formation and in situ use of bromozinc- and 
bromomagnesium organometallic porphyrins derived from diphenylporphyrin, prepared using Rieke zinc and 
magnesium. The compounds were utilised for subsequent palladium-catalysed reactions and a carboxylation 
reaction, respectively [58]. Recently, Chen and co-workers reported intriguing results that implied the formation of 
the triphenylporphyrinatonickel(II) Grignard reagent 278 (Scheme 46) [59]. The keys to the success of the reaction 
appeared to be the use of the nickel complex, a twenty-fold excess of Rieke magnesium and dimethoxyethane or 
diglyme as solvents. With enolizable ketones, the unusual adducts 279 were obtained, together with debrominated 
porphyrin 280. In contrast, with aryl aldehydes, the “normal” Grignard adducts 281 were formed. If porphyrinyl 
Grignard reagents can be prepared reliably and conveniently, it could herald the formation of many other 
porphyrinyl organometallics of Class F through transmetallation. 
<SCHEME 46> 
Scheme 46. Formation of porphyrinyl Grignard reagent and its products with aldehydes and ketones [59]. 
CLASS G ORGANOMETALLIC PORPHYRINS 
Two reports by the same group describe organometallic fragments directly π-bonded to the carbon framework of 
porphyrins [60]. The results were also discussed by Senge [61]. Both Zn(II) and Ni(II) octaethylporphyrins (235, 
282) were treated with Ru(II), Os(II) and Ir(III) fragments to form cationic η5-organometallic porphyrins (283-287), 
while the free base analogues did not form such products (Scheme 47). The Zn species coordinated one triflate 
anion to the central zinc. Ni(II) and Zn(II) η5-Ru(II) porphyrins (283, 284) were unambiguously characterised by 
single crystal X-ray analysis. The complexes 283-287 were stable in air but decomposed slowly in coordinating 
solvents like acetonitrile. Fluorescence quenching for the Zn(II) porphyrins (283, 286) demonstrated a large effect 
on the metalloporphyrin properties, as did the existence of a long-wavelength absorption band (680-720 nm). 
<SCHEME 43> 
Scheme 47. Formation of π-organometallic porphyrins (charges, counterions not shown) [60]. 
CLASS H ORGANOMETALLIC PORPHYRINS 
Smith and co-workers reported the formation of β,β’-fused mono- (294-299) and bis(metallocene) (302, 303) 
porphyrins (Scheme 48) [62]. The structures were confirmed by single crystal X-ray analysis for porphyrin 294 and 
dimer 297. UV-visible spectroscopy showed severely broadened and red-shifted absorption bands for these η5-
organometallic porphyrins in comparison to the respective precursors (288-293) and electrochemical studies 
suggested significant electronic interaction between the attached organometallic fragment and the porphyrin core. 
Diruthenium species 302 and 303 were only detected by MS and attempts to obtain free base analogues of these 
metallocenes failed. 
<SCHEME 48> 
Scheme 48. Formation of β,β’-fused metalloceneporphyrins [62]. 
CONCLUSION AND FUTURE OUTLOOK 
The majority of the work summarised in the present review stems from reports during the past decade. We can 
therefore conclude that investigations into the formation and reactions of these types of organometallic porphyrins 
are only in their infant stage. Nonetheless σ-organometallic porphyrins already play a significant role in synthetic 
porphyrin chemistry. Substitution reactions which seemed impossible 15 years ago can easily be carried out today 
due to the wider knowledge of palladium-catalysed coupling reactions. The possibility to isolate the intermediate 
η1-palladioporphyrins simplifies the understanding and optimisation of these processes. Porphyrinylboronates are 
also very valuable tools for such substitution reactions as can be seen by the variety of functional groups that have 
been introduced into the porphyrin moiety with their aid. It is possible today to substitute regiospecifically the 
meso- and the β-position of diarylporphyrins via the respective porphyrinylmercurials, porphyrinylboronates and 
η1-palladioporphyrins. This leads to an almost unlimited opportunity of fast functionalisation of the porphyrin 
carbon framework. But organometallic porphyrins are also of significant interest on their own as more and more 
interesting and imaginative multiporphyrin arrays incorporating such fragments emerge. Nonetheless the presented 
work can only be seen as the beginning of what we believe is a fascinating and rewarding area of research. We hope 
that in the future a greater variety of metal fragments can be directly attached to the carbon framework of 
porphyrins, which will undoubtedly lead to even more stimulating reports in this field. 
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51: M = 2H, X = H, Y = Pd(Ph3P)2Br
52: M = Ni, X = H, Y = Pd(Ph3P)2Br
53: M = 2H, X = H, Y = Pd(Ph3As)2Br
54: M = Ni, X = Pd(Ph3P)2Br, Y = Pd(Ph3P)2Br
55: M = 2H, X = H, Y = Pd(dppe)Br
56: M = 2H, X = H, Y = cis-Pt(Ph3P)2Br
57: M = 2H, X = H, Y = trans-Pt(Ph3P)2Br
58: M = Ni, X = H, Y = cis-Pt(Ph3P)2Br
59: M = Ni, X = H, Y = trans-Pt(Ph3P)2Br
60: M = Ni, X = Pd(Ph3P)2Br, Y = trans-Pt(Ph3P)2Br
61: M = 2H, X = H, Y = Pd(dppf)Br
62: M = 2H, X = H, Y = Pd(dppp)Br
63: M = MnCl, X = H, Y = trans-Pt(Ph3P)2Br
64: M = Co, X = H, Y = trans-Pt(Ph3P)2Br
65: M = Zn, X = H, Y = trans-Pt(Ph3P)2Br
66: M = Ni, X = Br, Y = trans-Pt(Ph3P)2Br
67: M = Ni, X = trans-Pt(Ph3P)2Br, Y = trans-Pt(Ph3P)2Br
68: M = Ni, X = butyl, Y = trans-Pt(Ph3P)2Br
69: M = Ni, X = Ph, Y = trans-Pt(Ph3P)2Br
70: M = 2H, X = Ph, Y = cis-Pt(Et3P)2Br
71: M = 2H, X = Ph, Y = trans-Pt(Et3P)2Br
72: M = 2H, X = H, Y = Pd(tmeda)Br
73: M = 2H, X = H, Y = Pd(bpy)Br
74: M = 2H, X = Pd(tmeda)I, Y = Pd(tmeda)Br
75: M = 2H, X = Ph, Y = Pt(tmeda)I
76: M = 2H, X = Ph, Y = Pt(bpy)I
77: M = 2H, X = Ph, Y = trans-Pt(Ph3P)2I
78: M = 2H, X = H, Y = Pd[(R,R)CHIRAPHOS]Br
79: M = 2H, X = H, Y = Pd[(S,S)CHIRAPHOS]Br
80: M = 2H, X = H, Y = Pd[(R)Tol-BINAP]Br
81: M = 2H, X = H, Y = Pd[(S)Tol-BINAP]Br
82: M = 2H, X = H, Y = Pd[(R,R)diphos]Br













































Fig. 3. X-ray single crystal structures of η1-palladioporphyrin 55 (left) and η1-platinioporphyrin 58 (right). These figures were 

















































Fig. 4. CD spectrum of 80 (upper, solid line), 81 (upper, dashed line) and visible absorption spectrum (lower) in CH2Cl2. 














Fig. 5. X-ray single crystal structure of Ni(II) porphyrinylphosphine oxide 258 (left) and Zn(II) porphyrinylphosphine oxide 






























1: M = Zn, R1 = R2 = R3 = R4 = R6 = H, R5 = R7 = P
2: M = Cu, R1 = R2 = R4 = R6 = H, R3 = COMe, R5 = R7 = P
3: M = Cu, R1 = COMe, R2 = R3 = R4 = R6 = H,   R5 = R7 = P
4: M = Zn, R1 = R2 = R4 = R6 = H, R3 = R5 = R7 = P
5: M = Zn, R1 = R3 = R7 = Et, R2 = R4 = R5 = R6 = H
6: M = Zn, R1 = R3 = Q, R2 = R4 = R6 = R7 = H, R5 = P
7:   M = Zn, R1 = R3 = HgCl, R2 = R4 = R6 = H, R5 = R7 = P
8:   M = Zn, R1 = R3 = HgF, R2 = R4 = R6 = H, R5 = R7 = P
9:   M = Zn, R1 = R3 = HgBr, R2 = R4 = R6 = H, R5 = R7 = P
10: M = Zn, R1 = R3 = HgI, R2 = R4 = R6 = H, R5 = R7 = P
11: M = Zn, R1 = R3 = R4 = HgCl, R2 = R6 = H, R5 = R7 = P
12: M = Cu, R1 = HgCl, R2 = R4 = R6 = H, R3 = COMe, R5 = R7 = P
13: M = Cu, R1 = COMe, R2 = R4 = R6 = H, R3 = HgCl, R5 = R7 = P
14: M = Zn, R1 = HgCl, R2 = R4 = R6 = H, R3 = R5 = R7 = P
15: M = Zn, R1 = R2 = HgCl, R3 = R5 = R7 = P, R4 = R6 = H
16: M = Zn, R1 = R3 = R7 = Et, R2 = R4 = R6 = H, R5 = HgCl
17: M = Zn, R1 = R3 = R7 = Et, R2 = R4 = H, R5 = R6 = HgCl










































19: R = H
20: R = CO2Me
21: R = CHO
22: R = CN
23: R = Ph
24: R = p-MeOPh
25: R = m-NO2Ph
26: R = p-NO2Ph
27: R = PhCO2Me
28: R = 1-Naphthyl




















































31: M = Ni
32: M = Pd
33: M = Pt
34: M = Ni, R1 = R2 = H                35%
35: M = Pd, R1 = R2 = H               20%
36: M = Pt, R1 =  R2 = H               21%
37: M = Pt, R1 = HgCl, R2 = H      13%






























39: R = 3,5-di-t-Bu-Ph, M = Ni
40: R = 3,5-di-t-Bu-Ph, M = Zn
41: R = 3,5-di-t-Bu-Ph, M = 2H
42: R = nC7H15, M = Ni
43: R = 3,5-di-t-Bu-Ph, M = Ni  33%
44: R = 3,5-di-t-Bu-Ph, M = Zn 17%
45: R = 3,5-di-t-Bu-Ph, M = 2H 21%





















tBu2biphenyl, methyl acrylate; 47: X = H, Y = C2H2CO2Me    63%
ii: Pd(OAc)2, methyl acrylate;                         48: X = C2H2CO2Me, Y = H    47%



























50 51  
 



















































86 38%  
 













































































































99:   R = H
100: R = Me
101: R = t-Bu






91: R = H
92: R = Me
93: R = t-Bu
94: R =  O(CH2)2CH(CH3)2
95: R = H
96: R = Me
97: R = t-Bu




































112: R = H, Ar = Ph
  84: R = Ph, Ar = Ph
113: R = Ph, Ar = 3,5-di-t-Bu-Ph
114: R = Br, Ar = Ph
115: R = Br, Ar = 3,5-di-t-Bu-Ph
103: R = H, Ar = Ph
104: R = Ph, Ar = Ph
105: R = Ph, Ar = 3,5-di-t-Bu-Ph
106: R = Br, Ar = Ph
107: R = Br, Ar = 3,5-di-t-Bu-Ph
51:   R = H, Ar = Ph
108: R = Ph, Ar = Ph
109: R = Ph, Ar = 3,5-di-t-Bu-Ph
110: R = Br, Ar = Ph












116: M = Ni
117: M = Cu










119: M = Ni 92%
120: M = Cu 72%
121: M = Zn 83%
122: M = 2H 71%



















Ar 123: Ar = 3,5-di-t-BuPh
124: Ar = mesityl
125: Ar = 3,5-di-t-BuPh; M = Pd
126: Ar = mesityl; M = Pd










































132: R = H, R1 = COOMe, R2 = H, M = Ni 
133: R = R1 = H, R2 = OMe, M = Ni  44%
134: R = R1 = H, R2 = OMe, M = Cu














128: R = H, R1 = COOMe, R2 = H, M = Ni 
129: R = R1 = H, R2 = OMe, M = Ni
130: R = R1 = H, R2 = OMe, M = Cu
























































































148: M = 2H 23%
149: M = Ni  33%
150: M = Zn 15%
104: M = 2H
145: M = Ni











































































153: M = Ni, R = Ph
154: M = Ni, R = p-CF3-Ph
155: M = Ni, R = p-MeO-Ph
156: M = Ni, R = thienyl
157: M = Ni, R = nPr
158: M = Cu, R = Ph
159: M = Cu, R = nPr
160: M = Zn, R = Ph
161: M = Zn, R = p-CF3-Ph
162: Ar = dioctyloxyphenyl
        M = Zn, R = p-MeO-Ph
Ar = 3,5-di-t-Bu-Ph
39:   M = Ni
40:   M = Zn
151: M = Cu































163 164 85%  
 






















165: M = Zn, R = H, Ar = Ph
166: M = Zn, R = BO2C6H12, Ar = Ph
167: M = Zn, R = mesityl, Ar = 4-t-Bu-Ph
168: M = Zn, R = H, Ar = mesityl
169: M = Zn, R = Ar = mesityl
170: M = 2H, R = H, Ar = 3,5-di-t-Bu-Ph
171: M = Zn, R = p-CNPh, Ar = 3,5-di-t-Bu-Ph
172: M = Zn, R = Ar = tolyl
173: M = Zn, R = H, Ar =
174: M = Zn, R = dimethylaminophenylethynyl]
                        Ar =
175: M = Zn, R = H, Ar =
176: M = 2H, R = H, Ar = 4-pyr, 
177: M = Zn, R = H, Ar =
178: M = Zn, R = H, Ar =
179: M = Zn, R = H, Ar =
180: M = Zn, R = Ar =



































Scheme 20. Formation of porphyrinyl boronates [27-35] (the point of attachment of the aryl groups to the meso carbon is from 
























































































































































































































































































































M 192: M = 2H

























190: M = 2H




























































































































202: Ar1 = 3,5-di-t-Bu-Ph; Ar2 = H, M2 = Ni
203: Ar1 = Ar2 = Ph; M2 = 2H
204: Ar1 = Ar2 = Ph; M2 = Ni
205: Ar1 = Ar2 = Ph; M2 = Zn
199: M1 = 2H
200: M1 = Ni
201: M1 = Zn
215: M1 = 2H
216: M1 = Zn
206: Ar1 = 3,5-di-t-Bu-Ph; Ar2 = H, M1 = 2H; M2 = Ni 34% 
207: Ar1 = 3,5-di-t-Bu-Ph; Ar2 = H, M1 = Ni; M2 = Ni 45%
208: Ar1 = 3,5-di-t-Bu-Ph; Ar2 = H, M1 = Zn; M2 = Ni 28%
209: Ar1 = Ar2 = Ph;M1 = Ni; M2 = 2H 30%
210: Ar1 = Ar2 = Ph;M1 = Ni; M2 = Ni 55%
211: Ar1 = Ar2 = Ph;M1 = Ni; M2 = Zn 32%
212: Ar1 = Ar2 = Ph;M1 = 2H; M2 = 2H 49%
213: Ar1 = Ar2 = Ph;M1 = 2H; M2 = Zn 31%
214: Ar1 = Ar2 = Ph;M1 = Zn; M2 = Zn 10%
 
 





































































224: Ar = Ph      59%
225: Ar = p-tolyl 54%
222: Ar = Ph      70%
223: Ar = p-tolyl 65%
220: Ar = Ph

































226: M = 2H 43%
227: M = Ni  47%
228: M = Cu 44%
39:    M = Ni
41:   M = 2H
151: M = Cu
 
 





















































































236 26%235  
 























237 238  
 


















































240: n = 1 81% [52b]
241: n = 2 65% [52b]
242: n = 3 70% [52b]












































































































































249: X = Br





















































DBU = 1,5-diazabicyclo[5.4.0]undec-7-ene  
 


















50:   M = 2H, X = H
91:   M = 2H, X = Br
252: M = Ni, X = H
253: M = Ni, X = Br
254: M = Zn, X = H
255: M = Zn, X = Br
251: M = 2H, X = H
256: M = 2H, X = Ph2PO
257: M = Ni, X = H
258: M = Ni, X = Ph2PO
259: M = Zn, X = H


























































































272: M = 2H 95%
273: M = Ni  95%
270: M = 2H 96%





















































































251: M = 2H
257: M = Ni
269
256: M = 2H
258: M = Ni
 
 
Scheme 42. Coordination arrays of Mg(II) diphenylporphyrin with porphyrinylphosphine oxides. [J. Chem. Soc., Dalton Trans. 



































274 75%251  
 
Scheme 43. Mg(II) porphyrinylphosphine oxide. [J. Chem. Soc., Dalton Trans. 2007: 2163-2170; doi: 10.1039/b703589f]. 









261: Ar = 3,5-di-t-BuPh



















123: Ar = 3,5-di-t-BuPh
124: Ar = mesityl  
 





















































R = TeCl3, R' = H








































































283: M = Zn(OTf), M' = Ru 67% [60b]
284: M = Ni, M' = Ru 60% [60a]
285: M = Ni, M' = Os [60a]
286: M = Zn(OTf)  64% [60b]
287: M = Ni  60% [60b]
235: M = Zn
282: M = Ni
 
 











288: M = Ni, Ar = Ph
289: M = Ni, Ar = 3,5-di-t-Bu-Ph
290: M = Cu, Ar = Ph
291: M = Cu, Ar = 3,5-di-t-Bu-Ph
292: M = Zn, Ar = Ph
























294: M = Ni, Ar = 3,5-di-t-Bu-Ph   25% [62a,62b]
295: M = Cu, Ar = 3,5-di-t-Bu-Ph  14% [62b]
296: M = Zn, Ar = 3,5-di-t-Bu-Ph    2% [62b]
297: M = Ni, Ar = Ph   30% [62a,62b]
298: M = Cu, Ar = Ph    8% [62b]





































Scheme 48. Formation of β,β’-fused metalloceneporphyrins [62]. 
 
Table 1. Electrochemical data for η1-metalloporphyrins and some precursors in CH2Cl2-Bu4NPF6 vs. Ag/Ag+ using ferrocene as 
internal standard [E0(ox) = +0.55 V] at 293K [11c]. 
 
Compound E0 (red1)/V E0 (ox1)/V 
5,15-Diphenylporphyrin (H2DPP) -1.05 +1.16 
5,15-Diphenylporphyrinatonickel(II) (NiDPP) -1.13 +1.17 
50 -0.93 +1.19 
5-Bromo-10,20-diphenylporphyrinatonickel (II) (NiBrDPP) -1.02 +1.20 
51 -1.24a +0.89 
52 -1.37a +0.95 
57 -1.32 +0.83 
59 -1.44 +0.90 
67 -1.66 +0.61 
a Irreversible with loss of PdBr(PPh3) fragment 
 Porphyrins with metal, metalloid or phosphorus atoms directly bonded to the carbon 
periphery 
Farzad Atefi and Dennis P. Arnold* 
Organometallic porphyrins with a metal, metalloid or phosphorus fragment directly 
attached to their carbon framework emerged for the first time in 1976, and these 
macrocycles have been intensively investigated in the past decade. The present review 
summarises for the first time all reported examples as well as applications of these 
systems. 
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